Abstract -A series of redox-active conjugation-extended ring assemblies involving one or more central five-membered or related heterocycles has been synthesized and characterized. These compounds, in contrast to the corresponding open-chain polyeneor phenylene-bridged systems, maintain an enhanced conjugative interaction among the bridging and terminal rings, and a rigid and coplanar conformation throughout the redox process, generating thermodynamically stable radical ions as well as doubly ionized species, which are quite favorable as redox reagents. Consequently, valuable experimental results to clarify the mechanisms of redox reactions of conjugationextended systems have been revealed. Moreover, currently interesting properties such as a novel amphoteric three-stage or four-stage redox reaction, a relatively high conductivity for the complexes of extended 'ITF derivatives, a strong fluorescence emission for doubly ionized species, and a unique electrochromism for extended viologens have been observed and these are discussed in detail.
INTRODUCTION
Molecular design and synthesis of novel multistage redox systems exhibiting electrochemical and physical properties of remarkable interest have been keenly desired to ensure versatile development of material science and material technology which are closely concerned with molecular electronics.
Especially the conjugation-extended type of redox system has attracted current interest, and many papers dealing with various types of extended redox systems have recently been published mainly in the search for promising electron donors or acceptors for organic metals, since the conjugation-extension by introducing a rr-framework between the two terminal redox active centers of the traditional Wurster and Weitz type redox systems has been known to stabilize the dication and dianion states by reducing the intramolecular Coulomb repulsive energy (ref. Although active investigation has been continued, many of the extended-type of redox reagents so far synthesized are rather unstable in neutral states and tend to give unstable radical ions undergoing a one-step two-electron redox reaction as have been observed in the extended TTF analogues having a 1,4-butenediylidene (ref. 4) , benzoquinonoid (ref. 3, or naphthoquinonoid (ref. 6 ) linking group. Therefore, a molecular design strategy advantageous in stabilizing both neutral and ionic species including radical ions (ref. 7) has been sought in the research in this area. In this article a new molecular design strategy meeting these requirements has been proposed.
We have already designed and synthesized different kinds of quinarenoid compounds (ref. 8) and in these efforts have clarified that a dih ydrothiophenediylidene (thienoquinonoid) or dihydrofurandi ylidene (furanoquinonoid) moiety is highly effective as compared with a polyethenediylidene or benzoquinonoid moiety as a linking rr-framework to stabilize the quinarenes and quinarenones (ref. 9, 10) . This finding prompted study on the design and synthesis of several new types of conjugation-extended redox systems, namely, extended quinones, extended TTF, and extended viologen analogues incorporating one or more central five-membered and related heterocycles. These conjugation-extended redox systems maintain rigid and coplanar conformations throughout the redox process (eq. 1) in which thermodynamically stable radical ions as well as doubly ionized ions are involved. In consequence, aspects of the highly conjugation-extended redox systems which were not well understood so far have been clarified, and valuable properties such as amphoteric three-stage or four-stage redox reactions for highly extended quinones up to a sexiphenoquinone analogue, a relatively high electroconductivity for the complexes of the extended TI'F derivatives, a unique electrochromism for the extended viologens and a strong fluorescence emission for the dications and the dianions, and so on, have been observed. It is on these aspects that the following discussions are focused.
EXTENDED QUINONES INVOLVING A CENTRAL HETEROCYCLIC LINKING GROUP
Although a series of quinones has been most thoroughly investigated and widely used so far, the series has been mainly limited to the dioxo derivatives of aromatic hydrocarbons. 
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These quinones are stable in the solid state and in solution. Judging from the magnetic nonequivalency of the six-membered ring protons and carbons between those on the same side (H-2,2") and on the opposite side (H-6,6") to the central sulfur atom in the NMR spectra, the rotation of the terminal six-membered rings about the intercyclic bonds does not takes place in 2 at ordinary temperature in solution. From X-ray crystallographic analysis (Fig. l) , 2c has been shown to exist in a coplanar conformation in the solid state in which the terminal six-membered rings incline 9.1' and 1 1.1' , respectively, from the mean plane of the central five-membered ring, and the twisting angle between the mean planes of the two terminal rings is 1.8' .
Side view Over view Quinones 2b-g can be reduced reversibly in two successive one-electron-transfer reactions up to the dianions via the stable anion radicals, and, more interestingly, oxidized reversibly to the radical cations. The electrochemical data of 2a-c obtained by the CV are summarized in Table 1 . On considering the poor electron donating ability of the corresponding diphenoquinones la,b, it is noticeable that 2 is easily oxidized in the potential range of 1.10-1.71 V. Thus, 2 are characterized as a new type of quinones exhibiting an amphoteric three-stage redox behavior, except the dimethylthio derivative 2e which shows an amphoteric four-stage redox behavior. The amphoteric redox property of 2a-g can be ascribed to the significant decrease in the HOMO-LUMO separation which resulted from the thiencquinonoid extension, e.g. the HOMO and the LUMO of 2a lie at a higher level by 0.97 eV and at a lower level by 0.15 eV, respectively, than the corresponding MOs of la.
From the EPR study on 2c+*, it is shown that the unpaired electron of the radical cation delocalizes considerably on the sulfur atom, since the g value of 2c+' (2.0055) is significantly larger than that of 2 C (2.003). Therefore, the amphoteric three-stage redox reaction of 2 proceeds according to the sequence shown in Scheme 1. Rotation of the terminal rings about the intercyclic bonds appears not to occur in the radical cation species because H-2,2" and H-6,6" are nonequivalent in the EPR spectra of 3+' (ref. 13) whereas they are equivalent in 2c+'. The first reduction potential @ i d ) and the first oxidation potential (Elox) showed a linear correlation with kp and kp+, respectively, but the substituent effect is not so sensitive, giving a relatively poor linearity in the latter case as compared with the former.
Scheme 1
The thienoquinonoid-extension method could be applicable more widely to the molecular design strategies for synthesizing amphoteric compounds, since thienoquinonoid-extended [3]radialene derivative 5 (ref. 14) showed an amphotericity (ElSUm = 1.07) even though the electron-accepting ability of the mother compound 4 (ref. 15) is as strong as that of chloranil. Compound 5 is the first radialene exhibiting an amphoteric redox property. The Elrd of 5 is much more positive by 0.5 V than that of 2c and is almost equal to that of 4. The EpOX of 5 is lower by about 0.1 V than that of 2c, whereas the former involves one more quinonoid carbonyl group than the latter. Thus, 5 displayed a higher amphotericity exhibiting the Elsum value smaller by 0.59 V than that for 2c.
EXTENDED QUINONES INVOLVING A CENTRAL OLIGOTHIENYL LINKING GROUP
Highly amphoteric organic molecules (ref. 16) have attracted much attention in recent years in the search for single-component organic conductors (ref. 17) . We have synthesized and isolated in solid state highly extended quinones 6,7, and 8 (ref. 18) as the first example of quater-, quinque-, and sexiphenoquinone analogues in which the inner cyclohexadienediylidenes are replaced by dihydrothiophenediylidenes. These compounds undergo two-stage one-electron reductions and two-stage one-electron oxidations, whereas the second oxidation step is irreversible. From the EPR study the radical anion and radical cation generated from 6 were proved to be very stable species. The Elred increases in the order of 6 < 7 < 8 and the ElOX does so in the reverse order ( Table 2) . The same trend is observed for the E2Ed and E2OX. Consequently, theglsum and E2sum become smaller in the order of 6 > 7> 8. The ElSum of 8 (0.75 V) is the smallest value of all closed-shell organic compounds previously reported. The decreasing order of the HOMO -LUMO gap is actually revealed by the first excitation band being in bathochromic shift in the order of 6 < 7 < 8 in their electronic spectra. Quinones 6 and 7 are useful as write-once optical storage media sensitive to semiconductor laser light, since they have a very strong absorption band in a near IR range and can be made into thin films with high reflectivities. 
EXTENDED QUINONES INVOLVING A CENTRAL DITHIAPENTALENE LINKING GROUP
There has so far been no report on closed shell amphoteric four-stage redox systems involving different redox-active units, in which a single molecule is both anodically oxidized in a Weitz type manner and cathcdically reduced in a Wurster type one (ref. Iesides on the sulfur atoms, since the g value of 9+' (2.0055) is substantially larger than that of 9-' (2.0035) in their EPR spectra. Therefore, the amphoteric four-stage redox reaction of 9 proceeds according to the sequence shown in Scheme 2, involving both the Wurster type reduction and the Weitz type oxidation although the galvinoxyl structure may contribute to 9+' to a limited extent. This kind of redox system would be of current interest in its possibilities for the creation of novel conducting complexes with three interacting components. Moreover, 10 -12 appear to be promising donors for TCNQ, since the donor ability increases by 0.31 V -0.37 V compared with that of DBTTF, being nearly comparable with that of TTF (0.38 V). Indeed, all of these extended DB'ITF containing a heterocyclic linking group gave stable complexes with TCNQ and DDQ, and gave radical salts with iodine, whose resistivities at room temperature on their compressed pellets are listed in Table 3 . The resistivity of the DDQ complexes of 10, 11, and 12 are lo3 -102 times lower than those of benzoquinonoid-extended Me2DBTTF (ref. From the X-ray structural analysis, 20 is shown to exist in a good coplanar conformation (Fig. 2) . Viologens 20 and 21 undergo reversible two-stage one-electron reductions ( The radical cations 20+* and 21+', obtained by the one-electron reduction of 20 and 21 with Na-Hg, showed a characteristic low-energy A band in their electronic spectra at 1047-1 124 nm and a higher-energy B band at 568-561 nm (Fig. 3) which are more bathochromic by 440-517 nm and 171-167 nm, respectively, compared with those of 19+'. Thus, it should be possible to use 20 and 21 as novel electrochromic display systems in which coloration is brought about by the most intense B band in the visible region or sensitive to semiconductor laser light owing to the A band in the near infrared region. Wavelength / nrn Wavelength I nm Fig. 3 . Electronic spectra of radical cations of (a) 20f' and (b) 21+', in MeCN.
PHOTOPHYSICAL PROPERTIES OF THE DOUBLY IONIZED SPECIES OF THE REDOX SYSTEMS EXTENDED BY HETEROCYCLES
Extended viologens 20,21, and 22 showed fluorescence emission spectra upon photoexcitation at room temperature, whereas open-chain-extended 23 are nonfluorescent. As shown in Table 5 , the fluorescence maxima at the shortest wavelength corresponding to the 0 -0 transition were shifted to a longer wavelength region on going from 22 to 20 or 21. Experimentally determined fluorescence quantum yields (Of) are very high in 20 and 21, and relatively low in 22. These findings will open a new route for using these extended viologens for valuable water-soluble lasing dyes (ref. 33). Fluorescence emission has also been observed in the dianions of extended-quinones 2,6, and 9, and the dication of extended-?TF, 16. From these facts, it is evident that the dianions and the dications exist in a coplanar conformation not only in the solid state but also in solution.
CONCLUSION
In the present article, it is shown that the conjugation-extension by incorporating heterocyclic linking group is highly effective in stabilizing the radical ion species as well as neutral and doubly ionized species in the redox reactions. In consequence, we were able to advance our comprehension of the series of highly conjugation-extended redox systems. The concept of the heterocycle-incorporation could be widely applicable to the molecular design and synthesis of other related systems, opening up many possibilities for the creation of a variety of functionally new type of molecules with significant novel properties.
